The ATHENA X-ray observatory was a European Space Agency project for a L-class mission. ATHENA was to be based upon a simplified IXO design with the number of instruments and the focal length of the Wolter optics being reduced. One of the two instruments, the Wide Field Imager (WFI) was to be a DePFET based focal plane pixel detector, allowing for high time and spatial resolution spectroscopy in the energy-range between 0.1 and 15 keV. In order to fulfill the mission goals a high sensitivity is essential, especially to study faint and extended sources. Thus a detailed understanding of the detector background induced by cosmic ray particles is crucial. During the mission design generally extensive Monte-Carlo simulations are used to estimate the detector background in order to optimize shielding components and software rejection algorithms. The Geant4 toolkit 1,2 is frequently the tool of choice for this purpose. Alongside validation of the simulation environment with XMM-Newton EPIC-pn and Space Shuttle STS-53 data we present estimates for the ATHENA WFI cosmic ray induced background including long-term activation, which demonstrate that DEPFET-technology based detectors are able to achieve the required sensitivity.
INTRODUCTION
The ATHENA X-ray observatory was planned as a ESA L-class mission aimed at providing further insight e.g. into the evolution of the universe, active galactic nuclei (AGN), super massive black holes, accretion physics, cosmogenic nucleosynthesis and physics of ultra-relativistic matter. ATHENA has been planned as the ESA-only successor of the International X-ray Observatory. Behind individual Wolter-type telescopes of 11.5 m focal length the X-ray Microcalorimeter Spectrometer (XMS) 3 and the DePFET-based Wide Field Imager (WFI) 4,5 would have allowed for high spectral (3 eV at 1 keV), high spatial ( ≤ 10 arcsec) and high timing resolution (16 µs) observations. Among the two detectors the 640 × 640 pixel WFI would have been responsible for spectroscopic imaging in the energy range between 0.1 and 15 keV. With the DePFET itself being a detector providing subelectron noise resolution the planned sensitivity of 10 −17 erg cm −2 s −1 largely depends upon whether an on-orbit cosmic particle induced prompt and delayed background rate of ≈ 10 −3 cts keV −1 cm −2 s −1 can be achieved. As it is unfeasible to experimentally replicate the cosmic background environment at the planned ATHENA L2-orbit on Earth, Monte-Carlo simulations using the Geant4 tool-kit 1,2 and based upon an evolution of tools previously used for the IXO and SIMBOL-X missions 6, 7, 8, 9, 10 are the tool of choice for estimating and characterizing the WFI background. Figure 1 shows the ATHENA WFI geometry and the optimized graded-Z shielding used for the simulations with Geant 4.9.4. This geometry features a fully pixelized detector and a detailed representation of the detector entrance window. Protons following a spectrum modeled with the CREME96 model 11 for a launch in 2022 are used as a primary particle source. A launch in 2022 corresponds to a time period near the solar activity minimum which in turn corresponds to a cosmic ray flux maximum. As such the estimates presented in this work can be seen as an upper background limit for non-flare conditions. The output of the simulations Figure 1 : Geometrical representation of the WFI detector used in Geant4: The left image shows a schematic of the graded-Z shielding used for ATHENA. The subsequent layers absorb fluorescence emission from the outerlying layers which effectively suppresses any emission lines. The middle image shows a cut view of the fully pixelized DEPFET based WFI with shielding structures based on the former IXO model. The ceramic board holding the wafer is visible in green with the proposed coldfinger to the left in gray. The wafer itself is too thin to be visible in this view. The surrounding graded-Z shielding is shown in beige. The rightmost image shows a wire-frame view as seen from the top. The pixelized wafer can be seen in the center, surrounded by the analogue front-end ASICs. The mounting springs are shown as annuli next to the ASICS. The large centered circular structure is the baffle seen from above. Primary particles originate from a spherical source 50 m in diameter within an opening angle tightly enclosing the geometry model. consists of condensed event lists as well as detailed data on all particle interactions within the detector. It was further analyzed using custom IDL tools. A complete set of background reduction algorithms based largely on pattern recognition schemes is part of this analysis framework and reduces the raw background rates by > 99%. An example of these reduction measures is shown in Figure 2 . Additionally, detailed information on the particle types constituting to the background, the origin of these secondary particles and the processes responsible for their production can be output at each analysis step.
Figure 3:
The results of the validation with XMM Newton EPIC-pn filter-wheel-closed measurements data taken from a similar validation in 19 : Experimental data is shown a black filled circles, the simulation with shielding is shown as a dashed red line, the simulation without shielding as a solid line (see text for details).
VALIDATION OF THE SIMULATION ENVIRONMENT
An important aspect when using computational simulations for estimations of an experiment's characteristics and performance is to have good quantitative and qualitative knowledge of the accuracy the simulation environment can achieve. While for the Geant4 Monte-Carlo tool kit validations of most of the included physical processes exist, these are often carried out in a different application domain, mostly accelerator physics, e.g. 12, 13, 14, 15, 16, 17, 18 . Accordingly, these results can be useful for first estimates of the general simulation accuracy of individual processes but they do not provide a full quantitative insight into the particular suitability of the simulation for the X-ray astronomy domain. An exception is e.g. the work by Tenzer et al. 19 who have compared simulations of the XMM Newton EPIC-pn camera using an environment developed for eRosita with actual in-orbit background measurements. As currently no DePFET-based detector is operational in space this comparison can be viewed as one of the applications closest to ATHENA. Accordingly, the ATHENA simulation environment was validated in a similar fashion with the data presented in the aforementioned work. In comparison to the more detailed validation by Tenzer et al., the simulated EPIC-pn geometry was greatly simplified and parametrized. The detector housing and satellite components were included into the simulation as a hollow aluminium cube with a wall strength of 1cm. This cube encloses the sensitive area and the PCB board. Figure 3 shows the simulation results from two simulations, one with shielding and one without shielding. The latter was necessary to accumulate more statistics for the fluorescence features by allowing more primary protons to reach and penetrate the PCB. For both simulations these primary protons followed a spectrum which was obtained using the CREME96 model. For the analysis the second simulation was scaled to the continuum intensity of the first simulation and was then compared to the observation data. As is apparent from the figure the ATHENA simulation environment is generally capable of quantitatively and qualitatively reproducing the XMM EPIC-pn spectrum. Deviations such as the missing nickel fluorescence line are due to extensive simplifications used in the geometric model.
The validation of the long-term activation code which was developed as part of the ATHENA simulation efforts was performed using data from the STS-53 Space Shuttle mission previously analyzed as part of a simulation validation in 20, 21 . On this mission a cubic NaI scintillator was stowed inside the middeck locker of the Shuttle. During the 10 day mission this crystal was irradiated in orbit by cosmic radiation, again mostly protons. After Figure 4 : The validation of the newly developed long term activation code for Geant4 was performed with gamma-ray-spectra of the activation products in a NaI crystal irradiated by cosmic rays during the STS-53 mission. The simplified simulation consisted of a NaI cube in a cubic shielding of 10 cm aluminium, equivalent to the shuttles mean shielding thickness. The red lines show simulated (solid line) and measured (dotted line) spectra 22 hours after touchdown. The green lines show the spectra measured and simulated after 182 hours respectively. The measured data was taken from 20 . The large deviations at ≈ 100 keV are due to the fact that scintillation effects were not simulated.
touchdown the scintillator was quickly mated with a photomultiplier tube, in effect producing a spectroscopic detector capable of measuring the gamma radiation resulting from the decays of its own activated components. The measurements shown in Figure 4 were performed 22 and 182 hours after touchdown and give the time evolution of the intensity of the photo-peaks resulting from the decay of the activation products. For the simulation a simplified representation was chosen. This approach validates the relevant features and is not concerned in accurately modeling all particular details of the experiment. Specifically the Shuttle, the locker and all other surrounding components were replaced by a cubic aluminium shielding. The wall thickness of 10 cm was chosen to correspond to the mean shuttle shielding thickness of ≈ 30 g cm −1 aluminium equivalent. Scintillation effects and the photomultiplier tube were not modeled. The detector's energy resolution was estimated to 200 MeV FWHM. It is apparent from the figure that the general time evolution of the activation products is correctly modeled by the simulation. The photo-peak intensities correctly change between the two measurements with the exception of the peak at ≈ 400keV. Here the simulation did not produce 111 In but instead 126 In. This deviation results from the simulation of nuclear activation processes and not the long-term activation code itself. The two validations show that the ATHENA simulation environment is capable of quantitatively and qualitatively reproducing both prompt and delayed cosmic proton induced backgrounds with maximum deviations below a systematic error of 50%.
FINAL ATHENA BACKGROUND RESULTS AND COMPARISON WITH EXISTING MISSIONS
A simulated ATHENA WFI background spectrum is shown in comparison to measured background spectra from existing missions in Figure 5 . It is evident that a background rate of 10 −3 cts keV −1 cm −2 s −1 is feasible and Figure 5 : Comparison between the simulated ATHENA energy spectrum (red) before (dashed) and after (solid) pattern analysis and measured XMM Newton EPIC-pn, Suzaku front-illuminated and Suzaku back-illuminated spectra. Note that secondary electrons dominate the contribution to the expected total background level and that the spectrum is almost free of flourecence emission. that the graded-Z shielding effectively suppresses fluorescence emissions from components outside the shielding. Furthermore, the ATHENA WFI background is lower than or comparable to the background of existing X-ray missions. One should note that the comparison data is taken from observations during the intermediate solar phase and accordingly in contrast to the ATHENA simulation does not correspond to a maximum in cosmic ray fluxes.
The background spectrum shown in the figure results from background suppression using pattern detection combined with a 200 pixel exclusion radius (i.e. centered around every identified invalid pattern a circular area of 400 pixel is assumed to be also background contaminated and excluded). Table 1 lists the effects of additional background reduction possibilities which have been studied as part of this work. These include dropping complete frames with identified background patterns and the use of an electric field to reduce the influence of the secondary electron background component 22 . Finally, the effect of the delayed background component, due to on-orbit activation is estimated to 0.21 ± 0.05 × 10 −3 cts keV −1 cm −2 s −1 after a two year mission time.
CONCLUSION
We have presented estimates for the cosmic ray proton induced ATHENA WFI background and accompanying validation of the Geant4 Monte-Carlo simulation environment with which these were obtained. Our results show that a background rate of 10 −3 cts keV −1 s −1 cm −2 is achievable for a DePFET-based silicon-pixel detector when placed in an L2-orbit. Effective background rejection algorithms, based on pattern recognition schemes, as well as an optimized shielding have been identified as prerequisites for achieving these low background rates. Additional reduction measures which include variable exclusion radii and frame dropping scenarios have been investigated and found capable of further reducing the detector background. Furthermore it was observed that the secondary electron component of the background can effectively be reduced using an accelerating electric field.
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